Background: Lately, biomarker discovery has become one of the most significant research issues in the biomedical field. Owing to the presence of high-throughput technologies, genomic data, such as microarray data and RNA-seq, have become widely available. Many kinds of feature selection techniques have been applied to retrieve significant biomarkers from these kinds of data. However, they tend to be noisy with high-dimensional features and consist of a small number of samples; thus, conventional feature selection approaches might be problematic in terms of reproducibility. Results: In this article, we propose a stable feature selection method for high-dimensional datasets. We apply an ensemble L 1 -norm support vector machine to efficiently reduce irrelevant features, considering the stability of features. We define the stability score for each feature by aggregating the ensemble results, and utilize backward feature elimination on a purified feature set based on this score; therefore, it is possible to acquire an optimal set of features for performance without the need to set a specific threshold. The proposed methodology is evaluated by classifying the binary stage of renal clear cell carcinoma with RNA-seq data. Conclusion: A comparison with established algorithms, i.e., a fast correlation-based filter, random forest, and an ensemble version of an L 2 -norm support vector machine-based recursive feature elimination, enabled us to prove the superior performance of our method in terms of classification as well as stability in general. It is also shown that the proposed approach performs moderately on high-dimensional datasets consisting of a very large number of features and a smaller number of samples. The proposed approach is expected to be applicable to many other researches aimed at biomarker discovery.
Background
Biomarker discovery has become one of the most significant research objectives in recent years. Because biomarker discovery is typically modeled to determine the most discriminating features for classification, it can be described as a feature selection problem regarding class from the point of view of machine learning [1] [2] [3] . Feature selection is the step that involves identification of the most salient features for learning [4] and enables the performance of the classifier to be enhanced by eliminating irrelevant features that cause inaccurate prediction or over-fitting problems. In addition, the time required for learning is reduced as feature selection serves to lower the dimensionality. Although classification without a feature selection process may improve the classification performance, a large number of features would complicate interpretation of the result. In short, feature selection not only enhances the classification performance, it also improves the understanding and analysis of the data. The emergence of new high-throughput technologies has made genomic data, such as microarray data and RNA-seq, widely available for biomarker discovery. However, the distinct characteristics of biomedical data, which often contain far more features than the number of samples, mean that conventional feature selection approaches might be problematic, especially with regard to reproducibility; small changes in the dataset could lead to large changes in the feature selection result, which should not be considered as important biomarkers. Feature selection in the biomedical field should consider the stability of features, as well as the influence on the classification performance. Some researchers have suggested the ensemble feature selection based on instance perturbation to address this problem [5] [6] [7] . This study proved that the stability of selected features was significantly improved by performing feature selection on slightly different datasets and aggregating their results. Furthermore, research that combines lasso regression with resampling was introduced [8, 9] . The L 1 -norm of lasso regression tends to force the solution to be sparse, and it shows high efficiency for feature selection in regression problems.
In this paper, we propose a stable feature selection method based on the L 1 -norm support vector machine (SVM). The basic concept of L 1 -norm SVM is similar to that of lasso regression, but it is tailored for classification tasks, which is the model for many biomarker discoveries. L 1 -norm SVM efficiently reduces the number of irrelevant or redundant features to fewer than the number of samples; thus, it is appropriate for biomedical high-dimensional data. As our methods are applied over instance perturbation steps, the stability issue, which is one of the most critical problems of L 1 -norm can also be managed. Furthermore, the optimal subset of selected features was detected by applying backward feature elimination to our own ranking criteria. By eliminating features one by one based on our ranking criteria generated by the L 1 -norm SVM, a cross-validated classification score is calculated, and a subset of features that maximizes classifier performance is acquired.
The proposed method is tested for the classification of renal clear cell carcinoma stage classification. We used an RNA-seq gene expression dataset of renal clear cell carcinoma samples from the cancer genome atlas (TCGA) for our study. We compared our approach with three established feature selection methods, namely a fast correlation-based filter (FCBF) [10] , random forest [11] , and an ensemble version of support vector machine-based recursive feature elimination (SVM-RFE) [6, 12] , from the point of view of classification performance and the stability of selected features. The experiment showed that our method has considerable classification performance and stability.
Results

Datasets
The RNA-seq gene expression data of renal clear cell carcinoma was obtained from Broad GDAC Firehose, which is one of the genome data analysis centers of the TCGA project [13] . Level 3 RNAseqV2 datasets of kidney renal clear cell carcinoma (KIRC) was used for experiments. We only took into account tumor-matched normal samples. The vectors of RNA-seq by expectation maximization (RSEM) [14] that are normalized by zscore were used as an estimate for the gene expression level. We discarded genes and samples that contain invalid or null values. The pathogenic stage information of renal clear cell carcinoma samples is retrieved from TCGA clinical dataset biotab files and set as the class label of gene expression data. Basically the stage is divided into four stages, i.e., stages I, II, III, and IV by TNM stage groupings, which take into account the size of the tumor, the lymph nodes involved and distant metastasis [15] . We took into account only two stages, i.e., stage I and stage IV, as renal clear cell carcinoma of stage I involves local tumors that only exist in the kidney, whereas tumors at stage IV have grown into other tissues outside the kidney or have spread widely to other lymph nodes; thus, the use of these stages could be a significant clue for tumor advance and tumor metastasis. Samples of which the stage information is not clear were not included in the test. After the filtering steps, our dataset consisted of 352 samples, of which 268 and 84 were stage I and stage IV samples, respectively. Each sample consists of the RSEM vector for 20199 genes.
Although cross-validation is one of the most popular methods for classification tests on a biological dataset, it tends to produce a dataset-dependent result especially with a small sample size [16] . Moreover, as the resampling step is part of the compared and proposed approach, a classification test on cross-validation might not hold significant meaning. Hence, the classification performance should be evaluated by an independent data test. We ensured that the test remained independent of the dataset by randomly divided the original dataset into a training set (80%) and a test set (20%). The training set consisted of 214 and 67 stage I and stage IV samples, respectively, whereas the test set contained 54 and 17 samples, respectively. Only the training dataset was utilized for the cross-validation test. The stability test was performed by randomly generating 20 subsets from the original dataset, each of which contained 80% of the whole samples. The FCBF feature selection test was implemented by using weka 3.7.13 [17] , and the other experiments were all implemented with Python, using the library scikit-learn 0.17 [18] .
Feature selection
Data perturbation was achieved by producing 1000 bootstrap samples containing 80% of the data from the training set. Then feature selection was performed by first calculating the regularization parameter C of L 1 -norm SVM by grid search, using 10-fold cross-validation on each bootstrap sample of training data. We determined the best value in the range of C∈{10 −5 , 10 −4 , …, 10 3 , 10 4 }. Because our dataset contains bias in class proportions, simply considering accuracy as a performance estimator is not appropriate. Instead, we regard the area under the curve (AUC) as the main criterion for performing experiments. Thus, the value of C resulting in the best AUC score was selected for each bootstrap sample.
Then L 1 -norm SVM was applied to 1000 bootstrap samples to filter those genes whose coefficients are 0. We calculate and record the 10-fold cross-validation score of reduced feature sets at this point to choose optimal feature sets for each bootstrap in the later step. These steps are repeated several times until no more feature reduction is available. The remaining genes were aggregated to one gene set and ranked by the number of bootstrap samples that finally remained.
Subsequently, as a revising step, backward feature elimination is performed to find the optimal feature subset of which the classification performance is the best.
Again, we used the AUC score as the main criterion for the classification performance. SVM is selected as a classifier, and 10-fold cross-validation is applied for the test. The grid-search method is also applied to set the regularization parameter C and γ in the range of C∈{10 −5 , 10 −4 , …, 10 9 , 10 10 } and γ∈{10 −9 , 10 −8 , …, 10 2 , 10 3 }, respectively.
Then the mean AUC score obtained from the crossvalidation test is calculated. The score is recursively calculated by reducing the genes one by one, starting from the full gene sets, until a subset consisting of only one gene is tested. Figure 1 demonstrates the alteration of the mean AUC score by the backward feature elimination.
The performance of our model was compared with three well-known feature selection methods, i.e., FCBF, random forest, and an ensemble version of SVM-RFE. FCBF is a feature selection method that is used to remove irrelevant features based on symmetric uncertainty. Although the stability was not considered in FCBF, we selected it as a comparison target because this feature selection algorithm was adapted from a previous study that classified stage progression of renal clear cell carcinoma based on the RNA-seq dataset [19] . Random forest is a method based on decision trees, and frequently has been used for both feature selection and classification. Random forest deals with the stability issue by bootstrap aggregation (bagging) included in the algorithm. SVM-RFE is a feature selection method that recursively eliminates the features whose weight Fig. 1 Backward feature elimination for optimal subset. Backward feature elimination is performed based on our ranking criteria. SVM with an RBF kernel is used as a classifier for calculating the cross-validation score. The X-and Y-axes denote the size of the feature subset and the 10-fold cross-validation AUC score, respectively. The red circle indicates the number of features with the highest AUC score in our experiment, which is 177 features with AUC = 0.996 magnitudes of L 2 -norm SVM are the smallest [12] , and it has been proven to deliver superior performance in many recent studies. However, SVM-RFE is problematic in terms of stability when applied to a single dataset; thus, some previous researchers have tried to use the ensemble version of SVM-RFE based on instance perturbation to address this problem. [6, 20] For the ensemble SVM-RFE in our comparison experiment, the fraction ratio for elimination in each step was set to 20%, and a linear aggregation method that sums the rank over all bootstraps was used as [6] . The number of bootstraps was set to 1000, and regularization parameter C is optimized in the same way as our method. As random forest and SVM-RFE provides only the ranking list of all features, we applied backward feature elimination method to find the optimal subset of features, similar to our method. The 10-fold cross-validation score is calculated by the classifier while adding features one by one, based on the feature rankings. Then the optimal feature set which maximizes the cross-validation score is acquired. The random forest classifier and SVM classifier with the radial basis function (RBF) kernel were used as classifiers for the random forest and the ensemble SVM-RFE, respectively.
Classification performance test
A cross-validation test as well as an independent dataset test is conducted for evaluation of classification performance. As described in the subsection on datasets, the data that was included in the independent test set was not used for the feature selection process at all. Only the training set was used for the cross-validation test. Four popular classification methods, i.e., adaptive boosting (AdaBoost), logistic regression, random forest, and SVM with an RBF kernel were used for performance evaluation. Gene selection was performed by FCBF, random forest, ensemble SVM-RFE, and our method before the classification tests. Figure 2 demonstrates the number of genes and selected by each method. As random forest selects far more genes than other methods, an additional test with 180 genes is conducted using random forest, which is similar to the number of genes we used in the ensemble SVM-RFE method and our method. Then we assessed four performance measures, i.e., the accuracy, f1 score, Matthews correlation coefficient (MCC), and area under the curve (AUC) for each classifier. Tables 1  and 2 compare the classification performance of the approaches for the independent data test and crossvalidation test, respectively. As seen in the tables, our algorithm shows the overall best performance for most classifiers among most performance indices, both in the cross-validation test and independent dataset test. Especially, our method with the SVM classifier demonstrated the best performance among all.
Stability test
We carried out the stability test by creating 20 random subsamples from the original dataset, which is constructed with 80% of the data. The stability test was performed by using the Tanimoto distance T. Here, we also tested our method without bagging for the comparison. Figures 3  and 4 demonstrate the mean and standard deviation of the Tanimoto distance for each method, respectively. As we see in the figures, our method generally demonstrates high stability among all the methods. The ensemble SVM-RFE shows the similar performance as our method. However, L 1 -norm SVM without instance perturbation shows remarkably lower scores than other methods, which proves the significance of the ensemble selection for L 1 -norm-based methods. FCBF also displays a relatively lower stability score than other methods as it does not take into account the stability issue, although it shows the least 
Discussion and Conclusion
In this paper, we present a novel feature selection method based on L 1 -norm SVM over data perturbation efficient for biomarker discovery. The nature of the L 1 -norm that leads to a sparse solution provides a fairly efficient way for feature selection for high-dimensional data. L 1 -norm SVM is also suitable for biomarker selection, as it delivers high performance in classification, and is applicable to diverse situations. However, the use The performance score is calculated on the independent dataset. The items that obtained the best score are highlighted in bold text. The numbers below the random forest classifier denote the number of genes selected for the performance test The mean performance score of 10-fold cross validation test is calculated. The items that obtained the best score are highlighted in bold text. The numbers below the random forest classifier denote the number of genes selected for the performance test of L 1 -norm SVM on a single dataset has difficulty in detecting closely correlated factors, which is common in biomarker detecting. In addition, it may produce a result that is subordinate to a certain dataset. In our experiments, the stability of features could be improved as L 1 -norm SVM is applied to a number of bootstrap samples, considering instance perturbation. Instead of using the general ranking criteria of SVM, we consider only the number of bootstrap samples that selected the feature as measure of the stability. By applying backward feature elimination based on our own stability score, we could determine an optimal subset of features that holds good performance for classification. We applied our approach to RNA-seq data of renal clear cell carcinoma to find candidate biomarkers related to stage progress, which might be closely associated with tumor advance and the metastasis issue. Through comparison with established feature selection methods, the performance of our algorithm was proved in terms of classification performance and stability. The stability of feature selection is a significant issue and its importance has been underestimated for a long time; yet, many research efforts aimed at feature selection solely focused on the performance of the methods. However, as we can see from the case of non-ensemble methods in our experiment, feature selection algorithms designed without considering stability might find many different subsets of features, if the data changes even slightly. This causes low reproducibility in highdimensional datasets, such as microarray data or RNAseq, and would make the result of the analysis less meaningful. Thus, stable feature selection is an essential issue in biomarker discovery. Of course, the performance of features should not be neglected because feature stability does not guarantee true biomarker detection.
Although it is based on a simple idea, the proposed approach was moderately successful on datasets consisting of a very large number of features and relatively much smaller samples. Our research proposes a general process for binary classification problems on highdimensional data and we expect the proposed method to be applicable to many other kinds of biomarker discovery. However, although it generally demonstrated improved performance compared to conventional ways, the proposed method depends only on gene expression data. Therefore, it would be necessary to integrate other datasets, e.g., pathways, gene interactions, and genomic variants as future work. In addition, as our method is not able to produce a deterministic result, we would have to consider more precise tuning of our model and its parameters.
Methods
Ensemble L 1 -norm support vector machine Support vector machine (SVM) has been an effective and popular method in machine learning, including the application of this method to biomedical problems [21] . Conventionally, SVM has been used for classification task, but it can be also applied to feature selection by considering the weights of the classifier [3] . In addition, instead of using general L 2 -norm for SVM, applying L 1 -norm which tends to produce sparse solutions, makes it possible to considerably reduce the number of features of a large feature set [22, 23] . The maximum number of features selected by L 1 -norm SVM is bounded by the number of samples [24] . Thus, in particular, it is suitable for biomarker selection from RNA-seq data in our study, which usually contains far more features than the number of samples. However, applying L 1 -norm SVM to a single dataset might produce a result that is excessively dependent on the sample set, which even causes uncertainty of reproducibility on datasets that are only slightly different. Moreover, the L 1 -norm is known to have difficulties in selecting closely correlated factors, as it tends to select only a single feature from among them and ignore the rest [25] . These problems can be addressed by applying L 1 -norm SVM to a perturbed dataset. Here, we propose the ensemble L 1 -norm SVM feature selection, combined with data perturbation to consider stability.
The flow of our stable L 1 -norm SVM algorithm can be described as follows:
(1)Generate n random bootstrap samples, X 1 , X 2 , …, X n , using i% of data from the training dataset X. Here, the number of bootstrap samples that selected the feature is considered as 'stability score' S for each feature (1 ≤ S ≤ n).
For stable feature selection, we use bagging to generate n bootstrap samples from the training dataset [26, 27] . There has been no solid rule for the optimal value of n, and the related study shows that adjusting n only marginally affects the classification performance or stability [6] . Hence, n can be set moderately, though it is expected that slightly more converged result can be acquired by using larger value. After generating n bootstrap samples, the regularization parameter of L 1 -norm SVM is optimized for each of them. Unlike L 2 -norm SVM, the number of features to be reduced is automatically selected by the regularization parameter. The optimization problem of L 1 -norm SVM could be described as follows:
Here, parameter C reflects a regularization parameter that solves the trade-off problem between the training error and the complexity of the model and ||w|| 1 denotes the L 1 -norm of the weight vector w. We apply a linear kernel as a kernel function, as defined by
If the number of features is large, the linear kernel is efficient because mapping data to high-dimensional space usually does not improve the performance [28] . Hence, it is possible to acquire a comparable result at a much lower cost. In addition, the linear kernel is less prone to over-fitting than non-linear kernels, and the only parameter that needs to be optimized is C. We find the optimal value of C by applying a grid search using 10-fold cross-validation on the training dataset.
Next, L 1 -norm SVM is performed on each bootstrap sample to derive the sparse feature sets. In this step, the ranking criteria of SVM for each feature, i.e., the size of the weight vector w is not taken into account; for all the features of the coefficients w > 0, which means that features that are selected by at least one bootstrap sample are considered. After eliminating features whose coefficients are 0, we calculate and record the cross-validation score for each bootstrap sample. Similar to SVM-RFE, these processes above are repeated until no more features could be reduced by L 1 -norm SVM. However, reducing features does not always yield improved classification performance; sometimes the classification performance might decrease by excessive filtering of features. Thus, we select the feature subsets that maximize the cross-validation scores as optimal features for each bootstrap sample.
Then, the features that remain in all the bootstrap samples are aggregated. In the aggregation step, we only consider the frequency of each feature in whole bootstraps samples. It is plausible that the features remaining in more number of bootstrap samples are possibly more stable. Therefore, for each feature, we regard the number of bootstrap samples that selected the feature as its 'stability score'. This score is valuable for regularization of the number of features, e.g., ignore those features selected from less than only 10% of bootstrap samples when there is a need to reduce the features to less than the number of samples, which commonly occurs in the biomedical field. In this study, instead of setting a specific cutoff point, we apply backward feature elimination based on the stability score to select the optimal subset, which is described in the next section. Finally, the dimension of the training dataset is reduced to the number of features that remain after the previous steps. As we have used the implementation of liblinear [29] for the feature selection, the time complexity of the algorithm can be described as follows O(n f · n b ), where n f and n b denote the number of features and bootstrap samples, respectively.
Backward feature elimination for optimal feature subset selection A stable L 1 -norm SVM provides an efficient solution for eliminating and selecting features. However, there might be a subset of which the performance exceeds that provided by using all the selected features. Therefore, an additional process capable of extracting the particular feature subset able to improve the classification performance is required. We utilize our stability score described in the previous section, the number of bootstrap samples that selected the feature. The stability score is aggregated from multiple bootstrap samples, thereby managing the stability issue that can be caused when using only a single dataset. We apply backward feature elimination to find one optimal subset of features of which the classification performance is best. We use SVM as classifier in the experiment, but other classifiers can also be applied. Here, as the number of features decreased considerably as a result of previous feature selection step, we apply the RBF kernel k(x, y), which generally performs better than the linear kernel.
Again, a grid search using 10-fold cross-validation was applied for optimizing the parameters of the RBF kernel, C and γ. The classification score is calculated on each fold of the cross-validation test and then aggregated. By eliminating the feature of which the stability score is lowest one by one, the classification score is calculated on all shrunk subsets until the size of the subset reaches 1. Finally, the one feature subset that succeeds in maximizing the classification performance over the crossvalidation test is acquired. As the feature subset consists of a certain number of features, we do not need an additional process for setting the cutoff.
Performance evaluation
Conventionally, the performance of feature selection has been evaluated by measuring the classification performance. However, the stability of selected features, which refers to the reliability and reproducibility of features, has also become a very important point recently. Instability of feature selection is mainly caused by a large number of features associated with small samples in data that complicate the proper reduction of features. These characteristics are common for biomedical data such as RNA-seq; therefore, a biomarker discovery study should consider stability as well as classification performance.
Hence, we evaluated the performance of our method by measuring the classification performance and their stability. Because our feature selection procedure contains a resampling step, we employ an independent training and test set in addition to the cross-validation test. We applied a well-known classification algorithm after feature selection to evaluate the classification performance. Statistical measures in the form of the accuracy, F1 score, Matthews correlation coefficient (MCC), and area under the curve (AUC) were measured together to evaluate the classification performance, as follows:
Here, TP, TN, FP, FN, and ROC represent true positive, true negative, false positive, false negative, and receiver operating characteristic curve, respectively.
Then we tested the stability of selected features by calculating the Tanimoto distance that has been applied in several previous studies [30, 31] . The Tanimoto distance is a statistical measure for calculating overlaps between two sets of elements of arbitrary cardinality. The Tanimoto distance T is calculated as follows:
where |S i | and |S j | denote the number of elements in sets S i and S j , respectively. Here, the Tanimoto distance T n is obtained over multiple n sets of samples by calculating the arithmetic mean of T for each set of pairs, as described below. 
The Tanimoto distance takes values between 0 and 1, where 0 means that there is no overlap between the two sets, and 1 that the two sets have identical elements.
